Climate change biology is seeing a wave of new contributions, which are reviewed herein. Contributions treat shifts in phenology and distribution, and both document past and forecast future effects. However, many of the current wave of contributions are observational and correlational, and few are experimental in nature, and too often a conceptual framework in which to contextualize the results is lacking. An additional gap is the lack of effective cross-linking among areas of research, for example, connection of sea-level rise and climate change implications for distributions of species, or evolutionary adaptation studies with distributional shift studies. Although numerous important contributions have emerged in recent years, synthesis of this phenomenon and its consequences has not yet been achieved. 
I
n the celebrated story of an elephant being described by blind men, adapted from an Indian fable by the poet John Godfrey Saxe (1816-1887), six men attempt to comprehend an elephant, but each describes the part that is nearest to him. One touches its trunk, another its tusk, another its tail, and so on, each deducing the elephant's shape from the part that he has touched. Scientists fall into this same trap: they become engrossed in particular lines of research, and yet miss swaths of the burgeoning literature or miss putting together pieces that might shed better light on the overall whole. In this way, each of us becomes a scientific blind man trying to describe an elephant. The question that we address in this review is akin to the one that those six men faced: how much information has the scientific world accumulated that could help us to comprehend the broader picture of climate change biology?
Climate change is increasingly the subject of research attention from scientists concerned about its likely impacts. Literature related to climate change is being published at prolific rates, so as to make us all susceptible to misdescribing the elephant. By some reports, the number of climate change biology publications is doubling every 11 years and approached 10,000 by the year 2000.
1 Periodic reviews of current literature, such as this one, serve to rescue from this syndrome those who, like the authors of this review, do not always stay on top of the literature as much as we might wish. The aim of this review is to catch up on climate change biology literature published in the last 3 years.
We assessed the climate change literature from 2007 to 2009 in considerable detail, with diverse searches over several search engines. After assembling a first suite of publications that we regarded as potentially important, we read through all, sorted them into functional categories, and discarded more minor contributions. We divided contributions into documentation of changes in phenology and geographic distributions and then explored exercises in forecasting effects of climate on species directly, as well as indirectly via sea level rise and marine intrusion. Finally, we reviewed efforts toward incorporation of climate change considerations into biodiversity conservation efforts. The result is a view of the recent climate change literature that is somewhat eclectic, focusing in particular on organismal dimensions of climate change implications for biology and reviewing in somewhat less detail the burgeoning literature on ecosystem-level implications. Nonetheless, we hope that it will be useful in providing an overview of recent activity and findings in climate change biology.
PHENOLOGY CHANGES
Considerable evidence is accumulating to indicate that the seasonal phenology of diverse organisms is changing, mainly in response to shorter winters and earlier springs. The evidence is without exception consistent with climate change expectations (e.g., no evidence is presented for shifts to later spring initiation of activity). However, as will be appreciated in the more detailed treatment below, the picture is not without considerable complexity.
Two exemplary studies have examined general landscape-level shifts in seasonality and vegetation phenology. Julien and Sobrino 2 examined normalized difference vegetation index greenup and browndown timing over 1981-2003. Their analyses indicated an advance of spring greenup globally by 0.38 days/year and a delay of browndown by 0.45 days/year. Over the more restricted area of boreal Eurasia, Delbart et al. 3 used a combination of remote sensing and observational data sources to extend the comparisons back to the 1920s-they found both region-to-region variation and temporal variation across decades, although the present advance in greenup timing is almost universal across Eurasia. In sum, then, global and regional trends are consistently toward earlier springs and later falls, with consequently longer growing seasons each year.
On more local scales, a rich literature is emerging, particularly as regards plant phenology. For example, Miller-Rushing and Primack 4 used a novel long-term data set originated by Henry David Thoreau in 1852 to measure phenological changes in >500 plant taxa in Massachusetts and showed an overall change of ∼7 days in greenup dates, but considerable variation among taxa and functional groups of plants. In a more comparative vein, Vitasse et al. 5 used 3 years' data across 41 populations of four tree species over 1500 m of elevation in southern France to estimate advances of 1.9-6.6 days/
• C for greenup and delays of 0.0-5.6 days/ • C for browndown. Finally, Inouye 6 showed both advancing greenup and emergence in montane wildflowers, but a serious fitness cost of earlier greenup incurred by frost damage, and Meis et al. 7 showed a 1.6 day/year advance of spring chlorophyll blooms in aquatic systems, but linked the advance to temperature increases rather than to changes in ice cover. Overall, the complexity in the details of phenological responses in plants appears to be considerable.
The other taxon for which phenological information relevant to climate change has been abundant is birds, given the legions of observers and data gatherers. For example, taking advantage of a novel 46-year data set for bird migration in eastern North America, Buskirk et al. 8 showed earlier Spring arrival times, but no overall change in Autumn return dates, again with considerable variation among species in magnitude of effects. A 23-year data set from central North America showed short-distance migrants responding more acutely to temperature variation than long-distance migrants, but again considerable complexity and variation was the dominant theme. 9 Finally, Møller et al. 10 demonstrated that European migratory bird species not showing phenological responses tended to be those species that are presently in population declines.
Experimental studies offer additional functional detail and considerably improved inferential power over correlational approaches. For example, Post et al. 11 used experimental manipulations of warming on life histories of three alpine plant species to isolate causative factors, finding considerable variation among species' responses. Taylor et al. 12 and Wipf et al. 13 both used detailed experimental approaches to confirm effects of particular factors (e.g., CO 2 concentration, snow depth, timing of snowmelt) and parse effects of rising atmospheric CO 2 concentrations and frost events from temperature effects, respectively. Similarly, Visser et al. 14 used experimental temperature manipulations to show direct temperature effect, independent of food availability, in timing of reproduction in European tits (Parus major). Finally, van Asch et al. 15 offered a distinct perspective, using detailed studies of heritability and genetic correlations to reflect on the evolutionary potential of a moth (Operophtera brumata), showing ample potential for evolutionary adaptation to restore herbivore-plant synchrony in the face of changing climatic conditions, and adding a useful evolutionary perspective on these questions; work by Jump et al. 16 has yielded similar conclusions of ample evolutionary potential for adaptive response in a Mediterranean shrub. Such incisive studies of complex evolutionary and ecological phenomena will be key in elucidating likely future dynamics of species in changing climates. 17, 18 
POPULATION AND DISTRIBUTION CHANGES
A body of evidence is accumulating that shows manifold populational and distributional trends that are at least correlated with and attributed to climate change effects. The vast majority of this accumulating evidence is coincident with general expectations of effects of warming climates, and particular studies have found associations that appear causal. However, these range effects may well be only the tip of the iceberg that happens to be visible; some studies cited below are suggestive of much more dramatic effects soon to be manifested.
Examples of the sorts of populational and distributional changes being documented include the following. Whitfield et al. 19 documented dramatic population declines in terrestrial amphibians and reptiles at La Selva Biological Station, in Costa Rica, which they link to reduced quantity of forest-floor leaf litter, a critical microhabitat in that ecosystem. Similarly, Chen et al. 20 showed elevational increases of 67 m over 42 years along a 1800-m elevational transect on Mount Kinabalu in Borneo, and Seimon et al. 21 found significant new high-elevation records of amphibians in the Peruvian Andes, as well as records of the fungal pathogen Batrachochytrium dendrobatidis, which bodes ill for high-elevation amphibian populations. In what is perhaps the bestdocumented suite of studies in this vein, the early biodiversity surveys at key sites in California in 1908-1930 by the Museum of Vertebrate Zoology of the University of California at Berkeley were repeated for both birds and mammals and a very detailed documentation of range dynamics was obtained: upward shifts of ∼500 m in half of the mammal species, ranges contracting and expanding, and clear evidence of climatic niche tracking. 22, 23 Visser et al. 24 showed significant decreases in migratory distances in half of 24 bird species examined between 1932 and 2004, based on banding information.
An emerging suite of studies offers a complementary viewpoint, focusing on the importance of spatial scale in likely climate change effects on species. Recent work by Trivedi et al. 25 has compared coarseand fine-resolution estimates of climate change effects on species and has noted that the coarse-resolution view typically overestimates the strength of effects; similar studies by Ashcroft et al. 26 similarly indicate that coarse-resolution analyses will frequently miss key factors. This work should offer both a cautionary tale of the effects of possible microrefugia on species' persistence in areas and the potential for a calibration of effects estimated at different spatial resolutions.
Finally, a few studies are going beyond simple documentation of patterns of shift and decline to arrive at mechanistic views of the process. Portner and Knust, 27 for example, identified thermally limited oxygen delivery as the key constraint on distributional potential in the eelpout (Zoarces viviparus), and Andrushchyshyn et al. 28 used experimental manipulations to identify specific drivers in ciliate community shifts in the face of changing climate. Peterson and Martínez-Meyer 29 showed populationlevel shifts in abundance northward in large numbers of North American bird species: although not as yet manifested in range shifts, these northward population swells are expected to be manifested as geographic shifts in coming years, with potentially massive implications for bird distributions and community composition patterns. Changes in disease population biology provide a further mechanism for biotic effects: e.g., the chytrid thermal optimum hypothesis (CTOH) relates climate change-induced temperature increases to spread of the chytridiomycosis-causing B. dendrobatidis, which in turn leads to widespread amphibian declines. While the evidence is strong for climatecaused amphibian declines, predictions of the CTOH remain to be fully supported. 30 
FORECASTS
The literature on climate change biology has seen numerous speculations and commentaries virtually since the inception of the field. 31, 32 In recent literature, particularly insightful commentaries include Carpenter et al. 33 regarding the potential broad endangerment of reef-building corals, Vermeij and Roopnarine 34 on likely broad invasions of the Arctic by marine mollusks, and Rahel and Olden 35 on aquatic invasive species. Although these commentaries are useful in terms of marshaling research efforts, they do remain general, and not based on specific data or analyses. As a consequence, we focus below on actual analytical approaches to anticipating future climate change biology phenomena.
In general, we discern four types of forecasting exercises emerging in the climate change biology literature. (1) Simplest are scenario-based explorations-for example, Sekercioglu et al. 36 38 who incorporated dispersal considerations into an otherwise simple climatic envelope approach to estimate likely climate change effects on marine biodiversity. (3) An alternative that has not as yet been compared quantitatively and satisfactorily with the niche modeling approaches is that of process-based modeling of species' distributions. 39 Although these first-principles approaches are conceptually attractive, their ability to incorporate the full complexity of distributional phenomena has not been established firmly enough (but see excellent explorations by Porter et al. 40 ) Finally, (4) a conceptually quite distinct approach is that of dynamic vegetation modeling, which integrates Earth system processes to develop ecosystem-level forecasts. 41 Although each of these four forecasting approaches has strengths, we see little integration among them; important steps forward have included incorporation of processes of dispersal, demography, and disturbance in the niche modeling framework, 42 although much development and exploration remains ahead.
A growing number of studies has now gone beyond simple development of forecasts to test and corroborate model predictions. For example, Gregory et al. 43 showed significant relationships between areal trends predicted by niche models and actual population declines over 1980-2005 in European bird populations; Kharouba et al. 44 developed similar corroborative tests for Canadian butterfly populations. On broader temporal scales, Guralnick 45, 46 tested a previous hypothesis about relative effects of climate change on flatlands versus montane species by means of comparisons of present-day and Late Pleistocene distributional areas. Probably, the clearest test is that of Foden et al., 47 who used broad surveys of mortality in a South African tree to test predictions of niche models, finding significant and clear predictivity regarding population trends and range retraction patterns predicted from niche models.
Given sufficient and appropriate corroboration of climate change model predictions for biodiversity, genuine forecasts can be assembled. For example, Carroll et al. 48 explored the possibility of reintroductions of two regionally extinct butterfly species into Great Britain, based on ecological niche model projections. In an application akin to niche modeling, Schlenker and Roberts 49 used very detailed data on crop yields for several crop plants to infer likely trends in productivity across the United States. These actual forecasts integrate known and assumed causal linkages with modeled future climatic shifts to make an educated guess at future situations.
What is emerging-if not since our blind scientists began touching the elephant, at least over the past decade of climate change biology research-is a suite of general principles that appear to guide or constrain biological responses to warming climates. The obvious ones have been known for a long time: species' activity will shift to initiate earlier and terminate later in the year, and geographic distributions should shift poleward in latitude and upward in elevation when relief is available; these ideas have seen abundant support in the studies reviewed above and others. Certainly, species in bounded systems will confront particular problems (e.g., islands, or mountain ranges, rivers, deserts, or other barriers that run east to west). More recently, the suggestion has been made that species distributed in flatlands areas will see more dramatic horizontal shifts of their habitable areas than species distributed in montane areas, 50 which has now seen support from subsequent studies. 45, 46 Finally, a broad consensus is emerging that species' responses to changing climates are highly idiosyncratic and do not follow clear or consistent patterns, even in the case of (currently) co-distributed species.
SEA LEVEL RISE/MARINE INTRUSION
A dimension of climate change biology that has been relatively much less well explored is that of sea level rise and its consequent effects on species and ecosystems. To our knowledge, no studies have as yet addressed this phenomenon in relation to elements of marine biodiversity, although estuarine and terrestrial systems are beginning to see attention (see overview in Ref 51 ). An important step forward was the improvement in techniques for identifying areas of inundation over broad regions, based on scenarios of sea level rise and digital elevation models of coastal areas. 52 The work done on sea-level rise implications for biological systems has focused mostly at the level of ecosystems. Retrospective analyses have analyzed ecosystem health in relation to sea level and identified key factors in loss or gain of area. 53, 54 Prospective analyses have depended on models of ecosystem growth and decline, 55, 56 but have been limited to local areas only, resulting in a proposal for broader-area monitoring networks for tracking these phenomena. 57 Factors implicated as critical have been varied, from individual species' tolerances and interactions with drought 58 to human management regimes. 59 Mangrove systems, located at the land-sea interface, have seen most attention and appear to be particularly vulnerable. 60, 61 Finally, a few experimental manipulations have been developed (e.g., Ref 62 ), which have emphasized species-level tolerances in determining responses to sea level rise.
What is missing, nonetheless, is a more comprehensive view of sea-level rise implications for biodiversity. Only one study has taken a broaderscope view of these implications. 63 Much more indepth exploration of sea-level rise implications for terrestrial and marine systems is needed, linking detailed biodiversity information with scenarios of marine intrusion (or extension, in the case of marine systems). At the moment, this gap is a significant failing in the climate change biology literature.
CONSERVATION
As with the question of forecasting, general discussions of likely conservation challenges abound in the climate change literature. Recent reviews include those of Galatowitsch et al. 64 on conservation futures in the central portion of North America and Mawdsley et al. 65 and Heller and Zavaleta 66 on climate change adaptation strategies that have been proposed for conservation initiatives. Once again, however, we prefer to see conservation planning based on actual forecasts rather than generalities. If nothing else, this preference is predicated on the perpetual emergence of naysayers: for instance, Hodgson et al. 67 argue that connectivity and future sustainability are less important than present habitat area and quality, even though presentday habitat area and quality may mean little as species' ranges reorganize and shift dramatically, the reality of which should be clear from the studies reviewed above.
Coetzee et al. 68 demonstrated the reality of one of those initial speculations-that present-day conservation planning and protected area networks will likely become less effective over coming decades. This sort of situation, we suspect, will become quite common in the coming decades. Further challenges for conservation planning in changing climates were pointed out by Grivet et al. 69 , who emphasized the need for inclusion of spatial genetic structure of species, beyond simple representation of species in protected area networks. Initial examples of how present-day conservation networks can be adapted to be 'climate change proof' are now being developed, as exemplified by the analyses of Vos et al. 70 over northwestern Europe. However, as pointed out by Hannah et al., 71 remediation steps taken earlier in the process of climate change will be more effective and less costly; still, they found that none of the strategies explored avoided climate change-caused losses completely.
A comprehensive conceptual framework for such adaptation-based strategies has still been lacking in large part in this work. Moffett and Sarkar 72 presented an extremely promising analytical framework, termed multicriteria decision-making methods, within which distinct suites of factors can be incorporated, assigned different weights, and considered at distinct points in time. This sort of multifactorial approach offers considerable promise for development of truly integrative conservation planning exercises.
CONCLUSIONS
This article reviews a swath of literature concerning climate change biology that has appeared in the past 2-3 years. Many of the studies that we have reviewed emphasize the fundamental value of long-term and legacy data sets-in one case going back even to Henry David Thoreau in the middle 19th century. 4 Climate change being a relatively slow process, its emergence as a global change phenomenon has placed a premium on long-term, longitudinal data sets that can speak to climate change influences on biodiversity and biology. Still more generally, climate change biology demands broad-scale points of view which underline the need for open sharing of biodiversity data 73 to make such analyses even possible.
Although much research activity has emerged and been published in recent years, we still see little if any work that can be termed genuinely comprehensive. Climate change biology covers aspects of genetics and evolutionary potential, phenology and seasonality, range and dispersal corridors, and interactions among species, and thus includes considerable complexity. We see need for better documentation of climate change effects on biodiversity, in terms of observations and experiments, but these documentary studies should be developed within explicit conceptual frameworks. Better forecasts are also necessary, with broader exploration of forecasting applications, more robust methods used, and more tests of predictions to make the forecasts more realistic and believable. More generally, we urge climate change biologists to place their studies within a broader overall perspective, in which climate change affects individual physiology, which maps onto population change, which in turn translates into phenological changes and geographic range shifts. The end result of these changes and shifts is genuine community turnover and biotic change, as has been anticipated since the earliest commentaries 31, 32 and climate change forecasting exercises.
So, temporarily rescued from misdescribing the elephant, we are pleased to see that the climate change biology community has made significant progress with documenting and tracking the emergence of climate change effects on species, basically confirming the reality of this phenomenon. However, in spite of significant advance along several lines of investigation, we see relatively little in the way of cross-linking among those areas, and so the field remains somewhat 'stovepiped', and thus vulnerable to describing the overall climate change elephant incorrectly. Our view is that the field has not advanced qualitatively toward a broader conceptual foundation or more synthetic methodologies that could sustain its development over coming decades.
